Abstract. Mammographic computer-aided detection (CADe) devices are typically first developed and assessed for a specific "original" acquisition system. When developers are ready to apply their CADe device to a mammographic acquisition system, they typically assess the device with images acquired using the system. Collecting large repositories of clinical images containing verified lesion locations acquired by a system is costly and time consuming. We previously developed an image blending technique that allows users to seamlessly insert regions of interest (ROIs) from one medical image into another image. Our goal is to assess the performance of this technique for inserting microcalcification clusters from one mammogram into another, with the idea that when fully developed, our technique may be useful for reducing the clinical data burden in the assessment of a CADe device for use with an image acquisition system. We first perform a reader study to assess whether experienced observers can distinguish between computationally inserted and native clusters. For this purpose, we apply our insertion technique to 55 clinical cases. ROIs containing microcalcification clusters from one breast of a patient are inserted into the contralateral breast of the same patient. The analysis of the reader ratings using receiver operating characteristic (ROC) methodology indicates that inserted clusters cannot be reliably distinguished from native clusters (area under the ROC curve ¼ 0.58 AE 0.04). Furthermore, CADe sensitivity is evaluated on mammograms of 68 clinical cases with native and inserted microcalcification clusters using a commercial CADe system. The average by-case sensitivities for native and inserted clusters are equal, 85.3% (58/68). The average by-image sensitivities for native and inserted clusters are 72.3% and 67.6%, respectively, with a difference of 4.7% and a 95% confidence interval of [−2.1 11.6]. These results demonstrate the potential for using the inserted microcalcification clusters for assessing mammographic CADe devices.
Introduction
Detection/characterization studies involving abnormalities on medical images typically require a large number of cases with verified and annotated abnormalities. The acquisition and annotation of abnormalities can be a bottleneck if the disease prevalence is low. To overcome this limitation, various research groups have been investigating insertion of lesions into medical images. Some groups modeled the appearance of lesions based on clinical datasets and generated new, synthetic lesions by sampling from the developed model. 1, 2 Other researchers investigated a different approach that consists of extracting a lesion from one image and blending it into another using image processing techniques. 3, 4 Our group has been working on a sophisticated implementation of this last approach for insertion of nodules on CT images [5] [6] [7] and insertion of masses on mammograms. 8 A potential application of computational lesion insertion is the assessment of a computer-aided detection (CADe) device for image acquisition technology. For mammographic lesion detection, if the detectability of native and inserted lesions can be shown to be comparable, then the inserted lesions can be used to assess the performance of a CADe device applied to a mammographic system using previously acquired lesion images from a different system, thereby significantly reducing the need to perform acquisitions of new cases with lesions.
In this study, we expanded the focus of our previous computational lesion insertion method to insert microcalcification clusters into mammograms and to assess the performance of our method for the insertion of the microcalcification clusters extracted from a mammogram of one breast of a patient (source image) into a mammogram of the contralateral breast of the same patient (target image). Our investigation included a reader study. The readers' performance was studied as to whether they could distinguish between native and inserted breast microcalcification clusters. Moreover, a commercial CADe system (SecondLook ® Digital CAD device, iCAD, Inc., Nashua, New Hampshire) was utilized to study the difference of the detectability of the native and inserted microcalcification clusters by a CADe system.
We have already used this insertion tool to insert lung nodules into chest CT images and to improve CADe training. 6 In this study, we show how this tool may be used for a completely different paradigm, which is CADe testing. A preliminary version of this work was published in a conference proceeding, 9 where only the by-case sensitivity of the CADe device was compared for the native and inserted microcalcification clusters.
In this study, by-image detection sensitivity of the CADe device is also investigated.
Image Blending Method
Our previously developed insertion method 7, 8 is based on the Poisson image editing 10 technique. This method allows the user to blend a lesion into a new location by simply drawing a rectangular box [ Fig. 1(a) ] around a lesion of interest in a source image as the initial boundary and a polygon containing the lesion. The polygon provides a rough segmentation of the lesion and guides the general extent of the lesion of interest. The user then selects the center of the insertion area in a target image [ Fig. 1(b) ], and the lesion is automatically inserted in the new location [ Fig. 1(c) ]. This method preserves the local features in the vicinity of the insertion area [ Fig. 1(e) ].
The underlying principal mechanism in this image blending technique is the Poisson partial differential equation with Dirichlet boundary conditions. This process can be used to interpolate the values along the boundary of the target image's paste area inward under the guidance of the gradient field of the source image and thereby seamlessly blend the source object into the target image. 7, 8 3 Reader Study A reader study was performed to investigate if the appearance of microcalcification clusters inserted into clinical images using our previously developed method is similar to that of the native clusters. The study consisted of clusters taken from the University of South Florida Digital Database for Screening Mammography (DDSM) 11 and the Breast Cancer Digital Repository (BCDR) 12 datasets. The DDSM dataset includes digitized film images, and the BCDR dataset includes only full field digitized mammograms (FFDMs) in the "for-presentation" format, which is utilized for image interpretation by radiologists and is different from the raw "for-processing" format. Since we were interested in assessing readers' performance in this part of the study, the lesions were inserted into the for-presentation FFDM images. The FDA Research Involving Human Subjects Committee determined that this study was exempt from IRB review. The entire region containing a cluster was extracted from a mammogram and then inserted into the mammogram of Fig. 1 An example of the use of the lesion blending technique to insert clusters from a breast into the contralateral breast of the same patient along with the ratings assigned to each of the source and inserted images by the two readers in our study. A higher rating indicates a higher confidence that the cluster is native. the contralateral breast at a location that is similar to the original cluster in terms of position in the breast and local background. A total of 55 native clusters and their inserted counterparts were used for the study, resulting in a total of 110 clusters evaluated by each reader in the study. Two readers participated in our reader study. One of the readers was a radiologist specialized in breast imaging with over 19 years of experience, and another was an imaging scientist who has been working in the areas of mammography and CAD for over 25 years. Each reader read the entire 110-mammogram dataset (55 mammograms depicting native clusters and 55 mammograms depicting inserted clusters, as described above) in two reading sessions (55 cases per session). Thirty-eight mammograms were taken from DDSM and 17 mammograms were taken from BCDR. Forty-two mammograms contained biopsy-proven malignant clusters, 11 mammograms contained biopsy-proven benign clusters, and 2 mammograms contained both benign and malignant clusters. Ordering of the mammograms was randomized for each reader, and the randomization was set up such that a native cluster and its inserted counterpart were not included in the same session. A washout period of one week was used between the two sessions. The readers had the ability to adjust the window and level for each case, and to zoom in and out. A rectangular bounding box containing the cluster (as defined in the DDSM or BCDR dataset) was used to mark its location. The user interface provided readers with the ability to remove the bounding box once they had seen the cluster location so that they could view the surrounding area without obstruction. A DICOM calibrated high-resolution (Barco MDCC-6130, "Coronis Fusion 6 MP DL") picture archiving and communication system display system was used under controlled lighting conditions appropriate for mammographic image interpretation.
The readers were asked to provide a rating on a scale of 0 to 100 regarding whether the microcalcification was native or inserted. A higher rating indicated a higher confidence that the cluster was native, e.g., a rating of 100 would mean that the reader was certain that the cluster was native, whereas a rating of 0 indicated complete confidence that the cluster was inserted. The readers could use an optional comment box to provide insight into the rationale behind their rating. Before each session, the readers were presented with 10 training mammograms. During training, the readers were informed whether the case being viewed contained a native cluster or an inserted one after they provided a rating. The purpose of the training session was to help readers become familiar with the user interface, the appearance of native and inserted clusters, and the scoring process.
The average ratings of readers 1 and 2 for native clusters were 64 AE 24.4 and 58.1 AE 17.5, respectively, whereas the average ratings of readers 1 and 2 for the inserted clusters were 53.7 AE 24.8 and 55.5 AE 17.3, respectively. The receiver operating characteristic (ROC) curves and the area under the ROC curve (AUC) were analyzed. The positive and negative classes in ROC analysis were defined as native and inserted microcalcification clusters, respectively. The AUC values are reported in Table 1 . The areas under two ROC curves and the U-statistic based covariance matrix were estimated based on the method described by DeLong et al. 13 as implemented in the iqmodelo software package. 14 The average AUC for the readers was 0.58, indicating that their responses spread considerably around the chance line. We compared this AUC value to that of other studies that explored the realism of inserted lesions with reader studies. Pezeshk et al. 7 reported the average AUC of 0.63 AE 0.03 across three expert readers to distinguish between real and inserted pulmonary nodules in chest CT images. Solomon and Samei 15 stated the AUC values of 0.57, 0.60, and 0.50, respectively, to separate simulated liver lesions, lung nodules, and renal stones from their real counterparts. Bond 16 has also measured the AUCs of 0.67 and 0.53, respectively, for discrimination of the real and simulated lung and liver textures. Although these studies involve different imaging modalities, different types of lesions, and different insertion methods, they provide a range of discriminability for inserted lesions. Our result with an average AUC of 0.58 is within this range and implies that the readers had difficulty distinguishing between native and inserted clusters demonstrating the realism of the inserted microcalcification clusters. Figure 2 shows the histograms of the ratings for native and inserted clusters. Despite the rating variations between the two readers, these histograms demonstrate a comparable distribution and a large overlap of ratings for native and inserted clusters ranged from 15 to 95. However, both readers had a larger number of native clusters rated at or above 60 compared to inserted clusters (R1 ratings ≥60: 37 real versus 28 inserted; R2 ratings ≥60: 38 real versus 24 inserted), and consequently a larger number of inserted clusters rated below 60 compared to native clusters. Based on the comments provided by the readers, we believe that this greater number of ratings above 60 for native clusters and greater number of ratings below 60 for inserted clusters may have been achieved by the readers using some potential clues found in the region outside of the microcalcification bounding box (and therefore unrelated to the quality of the insertion that happens inside the box) to distinguish the original (source) mammograms from the mammograms with inserted calcifications, referred to as inserted mammograms in this paper. For instance, orientation or distribution of the microcalcifications compared to the underlying tissue and adjacent tissue, presence of other microcalcifications within the breast, motion artifact, density, and sharpness of the microcalcifications inside the box compared to other clusters in the breast may provide clues to the radiologist that the mammogram is original or inserted and hence the cluster is native or inserted. As shown in Figs. 3 and 4, these potential clues are not related to the quality of the insertion.
Computer-Aided Detection Sensitivity Comparison
We performed an additional evaluation of our insertion method by investigating how a commercial CADe system's performance might be impacted using inserted microcalcification clusters. In this assessment, we used the SecondLook® Digital CADe device (Versoin 7.2, iCAD Inc., Nashua, New Hampshire) to study how the performance of a CADe algorithm compares between source and inserted mammograms. In particular, the performance of the CADe device was compared using clinical mammograms containing (i) native microcalcification clusters with (ii) the same clusters inserted into a similar location on the mammogram of the contralateral breast, acquired with the same mammography system. The SecondLook ® Digital CADe device generates a structure report (SR) with the format of a DICOM file for each forprocessing mammogram evaluated. While the for-presentation mammogram is optimized for human interpretation and is utilized clinically by radiologists, the for-processing mammogram is typically required for traditional mammographic CADe devices, including the SecondLook ® Digital CADe device. Forprocessing mammogram contains raw and unprocessed pixel data. The generated SR from a for-processing mammogram is a table including the header of the for-processing DICOM image and the information regarding the count, type, and location of the lesions detected by the SecondLook ® Digital CADe device. Data were extracted from the generated SR for the purpose of automated evaluation of the regions detected by the SecondLook CADe device as true or false positives.
The dataset used for the comparison included FFDMs from 68 patients, which were acquired from the University of Michigan Health System with a GE Senographe 2000D or a Senographe Essential system (GE Medical Systems, Milwaukee, Wisconsin). This dataset was part of an IRBapproved ongoing study to evaluate digital breast tomosynthesis (DBT) and develop CADe/diagnosis for DBT. Patients in the study were recommended for breast biopsy based on suspicious findings by screening or clinical findings, and they gave written informed consent to participate. Each case included at least one biopsy-proven microcalcification cluster. At least four mammograms corresponding to medio-lateral oblique (MLO) and cranio-caudal (CC) views of right and left breasts were available for each case, and clusters were inserted in both MLO and CC views of the contralateral breast for each case. For the purpose of applying CADe, the lesions were inserted into the for-processing image. To ascertain that the clusters were inserted into an appropriate location, the clusters were also inserted into for-presentation images at the same location as the for-processing images for the purpose of visualization. Twelve of the cases were malignant and 56 were benign. Rectangular regions of interest (ROIs) containing the biopsied clusters were outlined by a radiologist experienced in breast imaging. A total of 148 native clusters and their inserted counterparts were used for the study, resulting in a total of 296 clusters. The annotation of the radiologist was generally used for the insertion. However, as shown in Fig. 5(a) , some bounding boxes outlined by the radiologist were very large. Insertion of such large boxes, when they contain anatomical structures such as the pectoral muscle shown in Fig. 5(a) , may result in a nonnatural appearance. To avoid creating such artifacts, a smaller box with a diagonal size smaller than 4 cm was inserted [ Fig. 5(b) ] whenever the original bounding box was larger than 4 cm in size. This occurred in four cases in our dataset.
Markers produced by the CADe system (yellow rectangles in Fig. 5 ) were labeled as true or false positives based on the location of the centroid of the marker. A cluster was considered true positive if the center of the bounding box marked by CADe device was located within the ROI box marked by the radiologist.
By-case Analysis: Table 2 summarizes the number of the detected clusters on a by-case basis, where a true positive was declared if the cluster was detected on either the CC or MLO view. As shown, 10/12 (83.3%) of the malignant cases were detected on the both source (original) and inserted (target) groups. However, one malignant case was detected only on the inserted group [ Fig. 6(b) ]. For the clinical cases with benign microcalcification clusters, 46/56 (82.1%) of the clusters were detected on both the source and inserted groups. Two benign clusters were detected only on the source [ Fig. 6(a) ] and one benign cluster was detected only on the inserted group. This result shows a similar detection rate of the CADe device for cases with the native and inserted clusters. Table 3 compares by-case sensitivities of the CADe device for the native and inserted microcalcification clusters. By-case sensitivities for native and inserted malignant clusters were 83.3% and 91.7%, respectively. For benign clusters, the sensitivity for native clusters was slightly higher than that for inserted clusters (85.7% and 83.9%, respectively). Overall, by-case sensitivities of the CADe device were equal (85.3%) for native and inserted clusters. The standard deviation of the difference between the two sensitivities was estimated using McNemar's method, 17 and the 95% confidence interval for the difference was found as AE5.8% using the normality assumption. Therefore, the 95% CI range for CADe detection sensitivity difference between the original and inserted mammograms on a by-case basis was AE5.8% (i.e., within ∼6%).
By-image Analysis:
We also compared by-image CADe detectability of the clusters for the source and inserted mammograms. As Table 4 shows, 20/25 (80%) of the malignant clusters were detected on the both source (original) and inserted (target) mammograms. However, one malignant cluster was detected only on the inserted mammogram. For the clinical cases with benign microcalcification clusters, 70/123 (56.9%) of the clusters were detected on both the source and inserted mammograms. Seventeen benign clusters were detected only on the source mammogram and nine benign clusters were detected only on the inserted mammogram.
By-image sensitivities of the CADe device for native and inserted clusters are shown in Table 5 . By-image sensitivities for native and inserted "malignant" clusters were 80% and 84%, respectively. For "benign" clusters, the sensitivity for native clusters was slightly higher than that for inserted clusters (70.7% and 64.2%, respectively). Overall, there is a difference of 4.7% in by-image detection sensitivities of native and inserted clusters. There may be a number of factors contributing to this variation. The first factor is the sensitivity of the insertion algorithm to the size of the bounding box. 7 For some mammograms, radiologists have marked a large bounding box to cover all possible scattered microcalcification clusters, as exemplified in Fig. 5(a) . These large bounding boxes make it difficult for the insertion process to find the optimal boundary of the target image's insertion area, 7 which may affect the quality of insertion. The second factor can be the differences in the local background of the target mammogram, where the cluster is inserted, and the local background of the original location in the source mammogram. Differences in the structural properties and the morphology of the local background may cause a difference in CADe detectability and insertion quality. Although we do not expect this difference to favor the detection of either native or inserted clusters, it will increase the variability in the detections. Despite the possible effect of the aforementioned factors, Table 5 shows that the 95% CI for CADe detection sensitivity difference between the original and inserted mammograms on a by-image basis was −2.1% to 11.6% (i.e., within ∼12%). We believe this is reasonably consistent CADe performance for our insertion method taking into account the impact of local differences across contralateral breasts and insertion locations, confirming the potential utility of the inserted microcalcification clusters for use in CAD algorithm assessment. Our focus in this study was the comparison of the detection sensitivity for native and inserted clusters and not the CADe device sensitivity for an intended use clinical population. The dataset for this study was not collected for the purpose of evaluating mammographic CADe but was part of a dataset collected from the University of Michigan Health System for an ongoing research study to evaluate DBT and CADe/diagnosis for DBT. Therefore, the absolute value of the CADe device detection sensitivity reported here is likely not representative of the performance of the CADe device for the actual clinical target population.
Conclusion
The results of our reader study indicated that the readers have difficulty in reliably distinguishing between native and inserted mammographic microcalcifications. The average AUC value for the readers was 0.58 AE 0.04, which is fairly close to the value that would be obtained by chance (i.e., AUC ¼ 0.5). In the performance comparison of a CADe device for inserted and source FFDM images, the 95% confidence interval for the sensitivity differences was [−5.85:8] in case-based analysis and [−2.1, 11.6] in view-based analysis. We conclude that the reader study and CADe performance evaluation results agree well, demonstrating that insertion with our computational lesion blending method does not substantially affect lesion detectability. This preliminary study was limited since the clusters were inserted into the contralateral mammogram of the same patient and the images were acquired with the same imaging system. Future work is under way to expand this study and to develop an image blending technique that will allow users to blend lesions acquired with an original acquisition system into normal mammograms acquired with a different acquisition system. This method is expected to reduce the clinical data burden in the assessment of a CADe device under a modification in the image acquisition system.
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